The dynamic of a community of 20 bacterial strains isolated from river water was followed in R2 broth and in autoclaved river water medium for 27 days in batch experiments. At an early stage of incubation, a fast-growing specialist strain, Acinetobater sp., dominated the community in both media. Later on, the community composition in both media diverged but was highly reproducible across replicates. In R2, several strains previously reported to degrade multiple simple carbon sources prevailed. In autoclaved river water, the community was more even and became dominated by several strains growing faster or exclusively in that medium. Those strains have been reported in the literature to degrade complex compounds. Their growth rate in the community was 1.5-to 7-fold greater than that observed in monoculture. Furthermore, those strains developed simultaneously in the community. Together, our results suggest the existence of cooperative interactions within the community incubated in autoclaved river water.
Introduction
Freshwater environments are essential on earth and among them, rivers provide a large number of ecosystem services [1] . As open systems, rivers are particularly exposed to anthropogenic stresses and risks of degradation. When flowing through cities, they receive domestic and industrial wastewaters which bring high loads of organic substances and microorganisms and therefore strongly modify not only the physicochemical properties of the rivers but also their microbial communities [2] [3] [4] .
Compared to other bacterial communities (in soils, oceans, the human gut, etc.), the river bacterial communities remain largely uncharacterized [5] . However, 16S rRNA surveys published to date show that river bacterioplankton is dominated by the same phyla as lake bacterioplankton, i.e., Proteobacteria (mostly the Beta and Gamma subclasses), Actinobacteria, Bacteroidetes, Verrucomicrobia, Cyanobacteria, and Firmicutes [6] [7] [8] . Their relative abundance fluctuates depending on rivers, so that there is no major lineage showing an equally dominating distribution [9] . Some longitudinal studies of river ecosystems revealed that shifts in the bacterial community composition (BCC) often occur along the river course [10] [11] [12] . Recently, such shifts were observed at a very fine level of resolution, i.e., within sequence-discrete bacterial populations [13] . Those spatiotemporal changes in BCC result from two major processes: dispersal (due to regional factors) and species sorting (due to local factors). Dispersal refers to the transport of taxa within the lotic habitat and to the input through tributaries convergences or wastewater discharges. Those inputs can lead to the immigration of novel taxa, which can modify permanently, temporarily (resilience), or not at all (resistance) the BCC [14, 15] . The maintenance of immigrant taxa depends on local conditions and their environmental preferences compared to resident strains, resulting in selection, i.e., species sorting [16, 17] . Temperature, dissolved oxygen, pH, particulate organic carbon (POC), dissolved organic carbon (DOC), grazing, and others are all important local factors driving the BCC [18] [19] [20] . Finally, the Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00248-019-01322-w) contains supplementary material, which is available to authorized users.
survival of some strains can also depend on direct interactions with other species making up the community. Bacterial cells can exclude or promote other cells' growth through secretion of enzymes, molecules, and/or the emission of signals resulting in positive or negative interactions [21, 22] . For example, some bacterial taxa present streamlined genomes and are auxotrophic for some essential metabolites; their survival in the community is therefore dependent on their metabolic partners which compensate for their lost metabolic function [23, 24] .
In rivers, DOC is the primary substrate supporting bacterial growth and respiration [25] and is therefore a focal point of microbial interactions. In this context, metabolic interactions such as competition, cross-feeding, and syntrophy all inextricably modify the fate of microbes in a community [26, 27] .
It is highly likely that microbial interactions play a crucial role in community dynamics and ecosystem functioning [28, 29] . Consequently, the deciphering of interactions in microbial communities has become a major focus in microbial ecology. Models analyzing non-random patterns of taxonomic distribution among multiple samples of microbial communities make the prediction of potential microbial relationships possible [30, 31] . For example, using such tools, Widder et al. suggested the existence of positive and negative interactions occurring between the species composing biofilm communities of more than 114 streams in Austria [32] . However, the experimental validation of those interactions remains scarce.
Mixed cultures can be used as model communities in order to study ecological interactions among microorganisms under controlled and reproducible conditions [23] . In this study, we worked with a model riverine microbial community composed of 20 strains belonging to genera commonly found in rivers, which were mainly isolated from the Zenne River (Belgium). The carbon source utilization profile of each strain and of the 20-strain community was determined in a previous study [33] , whose results suggested interspecific interactions occurring in that community. In this study, we further analyzed the dynamic of the 20-strain community in two complex media: R2, a common medium used to isolate and study freshwater bacteria and a medium Z made of autoclaved, filtered river water. Bacterial abundance and community structure were measured over a period of 27 days, and the growth of the 20 strains was compared both in monoculture and in the community to assess the impact of species on each other.
Methods

Community Composition and Carbon Source Utilization Profiles
In a previous study [33] , a model river bacterial community composed of 20 strains (Table 1) was built. Sixteen strains were isolated from the water column of the Zenne River (Belgium). This river is located in the Scheldt drainage network and is 103 km long; its watershed (991km 2 ) is characterized by agricultural activities in its upstream part and by a heavily urbanized area (Brussels area) in its downstream part [34] . The sampling site was located upstream from Brussels (Lembeek, 50°42′34.56^N, 4°13′3.30″E). A total of 94 strains were isolated on two different media: R2A (Melford, Ipswich, UK) and a medium named Z consisting of water from the sampling site filtered on 0.2-μm pore-size membranes (Whatman, Maidstone, UK) and autoclaved (20 min at 121°C), mixed with 15 g/L of agar (VWR, Radnor, USA). The plates were incubated for up to 15 days at 20°C, a temperature usually reached in the Zenne River in the summer [4] . Most bacteria were isolated after 4, 8, and 15 days of incubation. Of these 94 strains, 16 were chosen to build up a synthetic river bacterial community based on BCC measured in situ at the same sampling station [4] and/or BCC mentioned in other studies on riverine bacterial community composition [7, 10, 15, 35] . The selected strains belonged to ubiquitous genera representing more than 1% of the community composition in at least one of the aforementioned datasets. In addition, four strains belonging to genera/species frequently detected in river water were purchased from the DSMZ (Braunschweig, Germany) culture collection: Sphingobacterium psychroaquaticum 22,418, Rhodoferax fermentans 10,138, Limnohabitans curvus 21,645, Polynucleobacter cosmopolitanus 21,490. The carbon source utilization profile of each individual strain and of the mixed community was measured by Goetghebuer, Servais, and George [33] in Phenotype MicroArrays PM1 and PM2A microplates (Biolog, Hayward, USA) that allowed testing 190 different carbon sources.
Experimental Design
The growth of our model community was followed in batch experiments incubated at 20°C using two media: R2 broth (Melford, Ipswich, UK) and Z medium. First, each of the 20 strains composing the community was grown in Z medium separately. After 48 h, the cell concentration was measured by flow cytometry (following the flow cytometry protocol described below). Each monoculture was then diluted (in Z medium) to a concentration of 5.0 × 10 4 cells/mL, and all monocultures were mixed together in equal volume. At time zero of the experiment, a volume of 10 mL of the equi-abundant mix was inoculated in bottles containing 1 L of the medium Z or R2 to reach an initial concentration of 5.0 × 10 2 cells/mL. For both media, four replicates named a, b, c, d in R2 and e, f, g, h in Z were run in parallel (i.e., 8 bottles in total). A fifth uninoculated replicate in R2 and in Z was monitored as negative control. No contamination was detected during the course of the experiment. The bottles were incubated at 20°C and agitated at 250 rpm for up to 662.5 h, corresponding to 27 days. For the first 72 h, the batch experiments were sampled every hour for flow cytometry measurements, then a longer time period was allowed between samplings. Flow cytometry was used to measure cellular concentrations in each sample in triplicate. Aliquots (25 to 50 mL) of each bottle were collected at 11 sampling times (0 h, 10 h, 19 h, 35.5 h, 47.5 h, 60.5 h, 72.5 h, 186.5 h, 331 h, 519.5 h, 662.5 h) to assess community composition. At the last four sampling times, 50 mL of fresh sterile medium was added to the batch experiment to keep a final volume superior to 500 mL.
Bacterial Enumeration by Flow Cytometry
Samples (300 μL) were fixed with paraformaldehyde (3% final concentration), left for 15 min at 4°C, and then stored frozen at − 20°C. Prior to analysis, samples were serially 10-fold diluted in 0.22 μm-filtered phosphate-buffered saline preheated at 37°C and cell counting was performed on two dilutions to target an ideal rate of 200 to 2000 cells/s. Flow cytometry analysis was performed according to the procedure described in Van Nevel et al. [36] with modifications. Cells were stained with SYBR GREEN I (10,000-fold diluted from stock; Amresco, Solon, USA) in addition to Na 2 EDTA (5 mM final concentration) to improve outer membrane permeabilization [37] . This was followed by a 13-min incubation in the dark at 37°C. Stained samples were inoculated in triplicate in a microplate and analyzed using an Accuri C6 flow cytometer (BD, Franklin Lakes, US), equipped with an autoloader. Bacterial abundance (BA, cells/mL) was calculated by counting fluorescent events in 25 μL after gating plots on green (FL1) vs red (FL3) fluorescence. Growth curves of replicates in both media were built from the mean of the BA calculated in triplicate at each sampling time.
DNA Extraction and Illumina Sequencing
Aliquots (25 to 50 mL) of each bottle were collected and bacterial biomass was concentrated by filtration through a 0.2 μm pore-size, 47 mm diameter polycarbonate filter (Millipore, MA). All filters were stored at − 20°C until use. Genomic DNA extraction was performed with the DNeasy PowerWater Kit (Qiagen, Hilden, Germany) following the manufacturer's protocol. The concentration and purity of the extracts were estimated using a Nanodrop ND-2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, US). The V4 region of the 16SrRNA gene was amplified with primers 515F (GTGCCAGCMGCCGCGGTAA) [38] and 806bR (GGACTACNVGGGTWTCTAAT) [39] (http:// www.earthmicrobiome.org/) and sequenced on an Illumina MiSeq at StarSEQ laboratory (Mainz, Germany) following a paired-end approach. Sequences were trimmed at 240 bp and [40] . Reads were assembled into contigs, and contigs shorter than 275 bp or containing ambiguous bases were removed from our dataset. Remaining contigs were aligned against the silva.nr_v132.align file trimmed to the V4 region, preclustered to decrease the number of uniques, and screened for chimeras using the vsearch program.
Remaining sequences (contigs) were classified using a homemade database consisting of the whole 16S rRNA gene sequence of the 20 strains. The latter were obtained by Sanger sequencing following a protocol detailed in Goetghebuer, Servais, and George [33] . Relative abundance of a given taxon was set as the number of sequences affiliated with that taxon divided by the total number of sequences per sample. A correction factor was calculated for each strain based on the difference at time zero between the theoretical relative abundance of that strain (1/20) and the observed relative abundance in the Illumina dataset. This correction factor was further applied to all samples. Finally, absolute abundance of a given taxon was obtained by multiplying its relative abundance with the total BA in the relevant sample.
Growth Rates
To estimate their growth rate, the 20 strains were grown in pure culture in R2 and Z media separately. At mid-exponential growth phase, a volume of each culture was inoculated in 20 mL of R2 and Z media so that the initial concentration was close to 5.0 × 10 2 cells/mL as in the follow-up of the community growth. Monocultures were incubated at 20°C and 250 rpm for 72 h. Samples of 300 μL were collected and processed for flow cytometry analysis as explained above. Ln(BA) was plotted versus time; growth rate (μ) was obtained by calculating the slope of the straight line fitting the data in the exponential phase. Individual growth rate of a given taxon in the community was calculated as explained above, after plotting Ln-transformed absolute abundances of that taxon in the community versus time.
Statistical Analysis
Absolute abundances were square-root transformed before calculating a Bray-Curtis similarity matrix. The compositional similarity between samples was visualized by a non-metric multidimensional scaling (NMDS) analysis using PRIMER 7 [41] . NMDS plots represent relative distances among samples in relation to the rank order of their relative similarities. A Pearson correlation test was used to identify the strains best correlated with the Bray-Curtis similarity indexes in the NMDS plot. Similarity percentage (SIMPER) was used to determine which strain contributed most to the dissimilarity between sampling times. For alpha diversity analysis, Pielou's evenness index [42] was calculated for each replicate, and means of the four replicates were compared between media. Finally, for both media, the means of the community composition dissimilarity across replicates at each sampling time (Bray-Curtis dissimilarity) were compared. ) was greater than the growth rate of individual strains except for two. On the other hand, the community growth rate in Z (0.47 h −1 ) was much higher than any growth rate of individual strains in monoculture.
Results
Growth Rates
Bacterial Abundances
In monocultures, maximal bacterial abundances (cells/mL) ranged from 8.0 × 10 7 to 5.8 × 10 9 in R2 and from 5.0 × 10 4 to 5.5 × 10 6 in Z (data not shown). The growth curves of the community were rather similar in the four replicates ( Fig. 1 and Online Resource 1). In R2, the maximal BA ranging from 1.9 × 10 9 to 3.1 × 10 9 cells/mL (mean = 2.6 × 10 9 cells/mL, n = 4) was reached after 162 h and fell within the range observed for individual strains, whereas in Z, a maximal BA ranging from 7.8 × 10 6 to 1.1 × 10 7 cells/mL (mean = 9.1 × 10 6 cells/mL, n = 4) was reached after 233 h and was greater than that observed for individual strains. The BA was maintained for 400 h and then slightly decreased at the end of the experiment. In both media, BA measurements across replicates seemed to converge as the coefficient of variation decreased over time (data not shown).
NMDS
Composition similarity between samples across replicates and time was visualized by an NMDS analysis (Fig. 2) . In both plots, the first sampling times (10 h in R2, 10 and 19 h in Z) were strongly correlated with the absolute abundance of strain 44Z. Three and two temporal clusters could be observed in R2 and Z respectively. In R2, the composition seemed to stabilize after 47.5 h but a third cluster encompassing the last two sampling times appeared to result from the growth of strains 22,418 and 114R (Fig. 2a) whereas in Z, the first four sampling times were quite scattered, the community composition began to stabilize from 60.5 h until the end of the experiment (Fig. 2b) .
Community Composition Across Time and Replicates
Analysis of community composition over time confirmed that in each medium, the community evolved in a similar way in the four different bottles over 27 days (Fig. 3) . Most of the strains grew in absolute abundance (Online Resource 2), although strains 21,490, 168R and 21,645 in R2, and 21,490 in Z disappeared rapidly. In both media, the relative abundance of strain 44Z (Acinetobacter sp) strongly increased since the first sampling time and stayed dominant in the community until 35.5 h in R2 and 47.5 h in Z. After 47.5 h of incubation in R2, the strains with the greatest relative abundance in the community corresponded to strains with a high growth rate in monoculture (i.e., 78R, 44Z, 18R, 515Z, 84R). This matching was not observed in the Z medium.
Over the entire course of the experiment, the strains whose relative abundance rose transiently (and then declined) or progressively (up to the end of the experiment) in R2 were 515Z, 18R, 114R, 78R, 44Z, 10,138, 148R, 218R, 84R, and 22,418 (Fig. 3a) . In Z, they were strains 515Z, 18Z, 124Z, 114R, 78R, 44Z, 1315Z, 148R, 218R, 84R, and 22,418 (Fig. 3b) . The growth rate of those strains in the community was then calculated based on their individual absolute abundance in the community, and it was compared to their growth rate in monoculture (Fig. 4) . Interestingly, many of those strains displayed a growth rate that was greater in the community than in monoculture in R2, and all of them did in Z. In the latter, growth rates in community were 1 to 7.3-fold greater in community than in monoculture, whereas this multiplying factor did not exceed 2 in R2. Finally, the progressive growth of many strains was concomitant in Z (e.g., 18Z, 124Z, 114R, 1315Z, 148R and 84R). Among these, strains 18Z, 124Z, 114R, and 1315Z grew faster-or exclusively-in the community in Z than in the community in R2.
Alpha and Beta Diversity
The Pielou's evenness index (Fig. 5 ) and the mean of the BrayCurtis dissimilarity between replicates (Fig. 6) were calculated over time. For both media, Pielou's index began at 1 as the initial Fig. 1 Logarithm of the bacterial abundance (cells/mL) of the community in the four biological replicates during a 27-day incubation period (20°C) in R2 medium (left, replicates a-d) and Z medium (right, replicates e-h) measured by flow cytometry. Values are the mean of triplicates and error bars represent standard deviation community was equi-abundant (Fig. 5) . Then, its value dropped sharply for the first two sampling times, and finally increased until it reached a plateau which was higher in Z than R2.
The mean of community composition's dissimilarity (Bray-Curtis) across replicates slightly decreased over time only in R2 (Fig. 6 ), but in both cases, the variability between replicates decreased. In other words, for both media, community composition converged across the different replicates.
Discussion
The individual growth rates of our strains in monoculture in Z medium (Table 1) were mostly consistent with rates measured on major bacterioplankton groups in freshwater habitats in the same range of temperature [43] . The 10-fold difference in individual growth rates between the slowest and the fastestgrowing strains is not surprising, as previous studies reported that in situ growth rates vary greatly within and between the major phylogenetic groups of bacteria found in aquatic systems [44, 45] . In addition, the ability of some strains to grow fast in monoculture allowed them to dominate the community at the beginning of the experiment in the R2 community, but not necessarily later on. As expected, most strains grew faster in R2 than in Z. But some strains were growing similarly in both media, which means that the amount of substrate assimilable by those strains in Z was large enough to sustain maximal growth rate at 20°C. When the 20 strains were grown in community in R2 (Fig.  1) , the average community growth rate measured (0.73 h −1 ) was consistent with previous maximal growth rates (at saturating carbon concentrations) measured at 20°C on a natural riverine community [46] . On the contrary, the community growth rate measured in Z (0.47 h −1 ) was much higher than previous observations of in situ growth rates of riverine bacterial communities (estimated as the ratio between bacterial production and biomass) at the same temperature [45, 47] . This could be due to greater carbon availability in the Zenne River water than in other rivers [34] . Indeed, DOC values in the sampling station of the Zenne River fluctuate between 6 and 8 mgC/L over a year [4] . The latter values are slightly greater than the median DOC values in rivers worldwide (5 mgC/L) as mentioned in the review by Meybeck [48] . Comparison of the mean maximal abundances in R2 and in Z revealed a factor 284 between those values. This can be explained by the amount of biodegradable organic carbon available. Indeed, dissolved organic matter in both media was estimated through the chemical oxygen demand (COD) test according to standard procedure (HACH, Loveland, CO). The COD in R2 and Z were respectively 2710 and 16 mg O 2 / L, which correspond to a DOC value of 1016 and 6 mg C/L (assuming that 1 mol of oxygen is necessary to biodegrade 1 mol of carbon). The ratio (COD R2 /COD Z ) was thus 169. If we consider that all the dissolved organic carbon is biodegradable in R2 and around 50% of it in the Zenne River water (Servais, unpublished results), the ratio of the biodegradable organic carbon between both media is about 338. This latter ratio is in the same range as the maximal community BA ratio (284) confirming that maximal bacterial abundances reached in these batch experiments were controlled by the biodegradable organic carbon, as usually observed for heterotrophic aquatic bacteria [49] . Table 1 Although the batch experiments began with an initial abundance identical for each taxon (time 0 in Fig. 3 ), their community composition shifted several times in both media leading to different clusters in the NMDS plots (Fig. 2) . In both media, the early dominance of strain 44Z (Acinetobacter sp), a γ-proteobacterium, is probably explained by its high growth rate: 0.8 and 0.26 h −1 in R2 and Z, respectively. When looking at its carbon utilization profile, this strain could be classified as a specialist, since it efficiently catabolized a small number of the carbon sources tested in PM microplates [33] . The strain Acinetobacter sp. likely stopped increasing concomitantly with a depletion of such carbon sources (see absolute abundance in Online Resource 2). In parallel, an increase of strains all displaying more complex carbon utilization profile (in terms of the number of carbon sources catabolized in PM microplates) could be observed. All those shifts occurred at the same time within the replicate bottles. In both media, community composition showed great convergence among replicates over the entire experiment (Fig. 6) , which means that the factors driving it were stable and reproducible. The individuals composing the community were all heterotrophic strains originating from a river water environment. The quantity and quality of organic matter have been shown to impact abundance, diversity, and activity of heterotrophic microbial communities [49] [50] [51] . In that respect, our media displayed strong carbon supply differences. The R2 medium ) in R2 medium (open circles) and Z medium (full circles). The diagonal represents an identical growth rate in community and monoculture. The data point representing 218R in Z medium is missing because its growth rate in monoculture was not measured (see Table 1 ). Error bars are displayed on the graph (n = 3 and 4 for μ in monoculture and in community, respectively) Fig. 5 Temporal development of Pielou's evenness index in R2 and Z media. A mean index was calculated based on the four replicates and is plotted the graph contains a high concentration of dissolved organic carbon (DOC) including mainly easily biodegradable compounds such as dextrose, peptone, and yeast extract. The four strains growing faster in R2 than Z, 18R (Bacillus sp), 78R (Janthinobacterium sp), 22,418 (Sphingomonas psychroaquaticum), and 10,138 (Rhodoferax fermentans), strongly degraded almost all simple carbon sources (monosaccharides, disaccharides) tested in the PM plates in Goetghebuer, Servais, and George [33] . The ability of strains 22,418 and 10,138 to use simple carbon sources was previously reported [52, 53] . Those strains were therefore probably more competitive regarding easily biodegradable organic carbon compounds than the other strains.
On the other hand, river water DOC is usually composed of a complex mixture of organic compounds differing in their bioavailability: from labile DOC (easily degraded by microbes) to recalcitrant DOC (refractory to degradation) [25] . We assume that during the experiment, the more labile DOC was preferentially consumed, and therefore the less biodegradable part increased relatively. This probably explains why the strains 114R (Rhizobium sp.), 124Z (Hydrogenophaga sp.), 18Z (Brevundimonas sp.), and 1315Z (Variovorax sp.), which all grew faster or exclusively in the community incubated in Z compared to that incubated in R2 medium, also belonged to genera reported for their ability to degrade phenolic compounds [54] [55] [56] [57] . Another study even mentioned a Variovorax sp. as part of a cooperative pesticide-degrading consortium [58] . Recently, Rivett et al. [59] observed in batch experiments that changes in resource utilization (from labile to more recalcitrant substrates) were associated with a shift in microbial interactions from strongly negative interactions to a more neutral state.
In our case, the surprisingly high growth rate and final BA achieved by the community in the Z medium as well as the identity of the dominant strains in that community are all strong arguments suggesting that cooperative interactions occurred. The assumption of positive intracommunity relationships is strengthened by the fact that the calculated growth rate of individual strains in the community was often greater than the one measured in monoculture (Fig. 4) . Although this was true for many strains in both media, the increase in strain growth rate in the community compared to monocultures was particularly spectacular in Z, including for the four strains which grew faster (or exclusively) and simultaneously in that medium: 114R, 124Z, 18Z, and 1315Z (1.6 to 7-fold increase). Such an enhanced growth was likely caused by an interdependency between some (or all) of those strains. Finally, the greater community evenness observed in Z (Fig.  5 ) also supports the assumption of cooperative interactions in that community. We have not identified the nature of those interactions yet, but evidence was found in a recent study that within guilds of highly related species competing for a supplied carbon source, dense networks of cross-feeding interactions develop, which may stabilize competition and favor coexistence [60] .
The DOC quality and quantity is known to be a driver of the structure of communities. Here, our results suggest that competitive and/or cooperative interactions occurred depending on the quantity (and probably quality) of this DOC. Species sorting in the river water medium selected several dominant strains among which four are potentially cooperative strains degrading complex compounds. Our future work will focus on the dynamics of those strains as a potential consortium.
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